ABSTRACT. Veligers spawned by adults collected from 3 different populations (Georges Bank, Passamaquoddy Bay and Mahone Bay, all on the northeastern coast of North America) of giant scallops Placopecten nlagellanicus were maintained for 2 mo in replicated, 9.5 m deep, polyethylene mesocosms with a 1.5"C thermal gradient at mid-depth and a 12/12 photoperiod. The populations came from varied hydrographic regimes that might require vel~gers to have different vertical migration patterns if they are to be in an appropriate area for settlement when they reach competency. Veligers from all population~ were found in shallower depths at night than during the day, developed strong bio-convective cells when numbers were high at the surface and were seldom found below the thermocline until about 21 d after spawning. Under similar conditions, veligers from the 3 populations exhibited significantly different vertical migration patterns and depth distributions. These patterns of vertical distribution are unlikely to be due to differences in buoyancy, growth rate, food density, settlement preference or mesocosm effect, and they differ substantially from patterns of mussel veligers raised according to the same protocol. Such differences may reflect selection for different behaviors in different populations, arguing for an active and genetically controlled component to vertical movements of scallop veligers. The observed patterns of vertical distribution could produce marked differences in horizontal transport in the various physical regimes; increased self-recruitment seems the most likely explanation for the intense selection required to fix such behavior in populat~ons.
INTRODUCTION
Vertical migration is a common phenomenon in the world's oceans. Organisms representing all marine and freshwater phyla have been found to migrate vertically (Huntley 1985) . Many hypotheses have been proposed to explain the advantages of vertical migration. Most have tried to explain why organisms leave the more productive surface zone (presumably sacrificing the amount of food obtained) to migrate to less productive, often cooler, waters at depth. Recently, there has been substantial support for predator avoidance causing die1 vertical migration in crustacean holoplankton, and less for bio-energetic savings suggested by McLaren (1963) and Enright (1977) (Lampert 1993) . However, many other hypotheses have been presented, such as locating phytoplankton distributed at different depths or in patches (Angel 1985) , avoidance of UV light (Siebeck 1978 , Damkaer 1982 , and vertical migration to effect horizontal transport (Hardy & Gunther 1935) . Enright & Hamner (1967) showed that even the physiology underlying endogenous rhythms is by no means uniform, so vertical migration behavior may have evolved several times, for a variety of purposes, and there are likely many ultimate causes of this behavior, with organisms benefiting from more than 1 at the same time.
Vertical migration for the purpose of horizontal transport was first proposed by Hardy & Gunther (1935) , who suggested that oceanic plankton, too small to make effective horizontal migrations under their own power, might migrate vertically to allow currents to carry them horizontally. In estuaries Rogers' (1940) hypothesis that vertical migration is a means of preventing organisms washing out of estuaries has been widely substantiated (Sinclair 1988) . Even in bays where stratification is weak, shear created by bottom friction can affect horizontal transport, and vertical migration has been shown to be used by resident (but not by non-resident) species to mitigate washout (Kimmerer & McKinnon 1987) . Near reefs and oceanic islands, behavior is recognized as crucial for retention because it is obvious that without a retention mechanism, organisms would flush seaward. In other words, where physical discontinuities can be clearly visualized, evidence is substantial that behavior of the organism aids in retention in a suitable habitat (Sinclair 1988) .
Organisms with long pelagic larval stages have very real dispersal problems on off-shore banks such as Georges. In the open ocean, currents are virtually ubiquitous, and any larva that acts as a passive part~cle will be carried some distance from spawning beds. The problem is greater for benthic invertebrates with limited mob~lity (where net currents might cause the population to drift downstream with each generation) than for mobile organisms such as fish (that can swim upstream as adults). In order for a benthic population to persist, either larvae must be supplied from elsewhere ('elsewhere' then being faced with the same problem) or the larva must have some strategy to return it to the parental population (such as making a full circuit on an oceanic gyre). This problem is the inverse of that faced by mobile terrestrial forms such as mice. On land, young must expend energy to move away from parents or face increased competition from relatives. In marine systems, the pelagic you.ng of a benthic invertebrate must expend energy to remain In the same reproductive unit as its relatives, if the population is to persist. Thus on land, staying in place is the defa.ult, whereas in marine systems, dispersal and washout are defaults. Sinclair (1988) argued convincingly that variability in retention of larval stages in aggregations is an important factor in the year-to-year variability of recruitment in species with pelagic larval stages. He postulated that fish like herring spawn in areas where stratification provides differences in horizontal currents that can be used by vertically migrating larvae to provide horizontal transport, and correlated spawning grounds with the stratification parameter. The number of populations in a species, and the number of individuals in each of those populat i o n~, then, is the result of the number and size of persistent oceanographic features that are, in comb~nation with vertical migrations of the larvae, capable of resulting in the aggregation and/or retention of larvae. There is selection for the ability of any individual to continue to be a member of a spatially defined population (Sinclair 1988) . Scheltema (1986) also proposed that there might be selection for different behavior in different populations. He suggested that, given the importance of vertical movement for retention in estuaries, oyster Crassostrea virginica and clam Mya arenana veligers might exhibit different behavior in different types of estuaries.
The sea scallop Placopecten rnagellanicus consists of a number of partially isolated populations which exchange individuals frequently enough to prevent accumulation of large differences at neutral genetic loci (Beaumont & Zouros 1991) . This is consistent with a hypothesis of mainly self-recruiting sub-populations, and the relatively sedentary nature of the adults makes the retention or return of veligers to adult spawning beds imperative. Two other scallop species, Chlamys islandica (Fevolden 1989) and Aequipecten opercularis (Le~vis & Thorpe 1994), both show genetic evidence of self-recruitment to adult beds. Bay scallop Argopecten irradians veligers are retained in densest concentrations over adult beds, despite tidal currents (Ambrose et al. 1992) . Thus evidence IS accumulating that scallop beds are mainly self-recruiting, and it is reasonable to suggest that veligers of scallops may have evolved behavior that assists in either retention over or return to adult beds.
Since Placopecten magellanicus beds exist where there are considerable differences in larval habitat in terms of horizontal transport, and show great variability in recruitment historically (Orensanz et al. 1991) , this species is an ideal subject. for testlng both Sinclair's (1988) and Scheltema's (1986) hypotheses. Differences in vertical migration patterns of veligers from different populations would suggest that behavior had been select~vely mod~fied by different hydrographies and thus that retention is essential for survival. If larval swimming were too weak to affect vertical distribution, or if larval distnbution in the water column did not affect survival, there would be no selection for different behaviors. Since neutral genetic sites show little difference among populations, larval behavior is also unlikely to differ by chance. Even if behaviors improve food location or predator avoidance, such behaviors would not become fixed when the individuals are lost to the breeding population by transport on prevailing currents. Only a small improvement in retention In dn area where washout is a real danger is required to confer considerable selective advantage, both immediate (in terms of producing more progeny in the next gen-eration) and long term (by allowj.ng selection for characters specific to that location).
Our experiment was designed to address the hypothesis that genetically controlled larval behavior could vary among self-recruiting sub-populations of giant scallops, and that such genetic variability would be produced if horizontal transport due to vertical migration were significantly affecting larval retention and thus larval survival.
Mesocosms: intermediate in scale and able to look both ways
The tower tank of the Aquatron facility at Dalhousie University (Halifax, Nova Scotia, Canada) provides an opportunity to examine the behavior of microscopic organisms at microscopic (mm to cm) scales in a fine scale (10 m) environment. Here we can create gradients or discontinulties i.n salinity, temperature and/or food; control and measure light levels; remove horizontal currents or create artificial levels of turbulence or convective currents in a large cylindrical mesocosm 10.5 m deep and 3.7 m in diameter (Balch et al. 1978) . The excellent survival of organisms that is typical of mesocosms (Gamble & Davies 1982) enables repeated sampling of the same cohort, to investigate ontogeny of the observed behaviors. The intermediate scale of such controlled experiments provides insight into both the proximate and ultimate causes, as well as the ultimate ecological significance, of larval behavior.
Three populations with different larval habitats
The first step in testing this hypothesis is to examine behavior of veligers from different oceanographic regimes. We recognise that a:reas with different hydrographic properties also differ in other qualities (e.g. light penetration, food concentration, predator population) that may affect vertical migration, but if larval behavior does differ among populations with even limited genetic exchange, strong selective pressure for such differences is indicated. Even if horizontal transport were not the primary selection mechanism for such differences, differences in horizontal movement would still be the result (Hill 1991) . For our experiments, we chose animals from 3 populations of scallops that live under different hydrographic conditions.
Georges Bank (Fig. 1) is a large off-shore bank situated on the boundary between Canada and the USA. The bank is typified by a large, well-known, mean residual clockwise gyre with a recirculation time (about 56 d) near its annual average residence time of 54 d (Flagg 1987 , Lynch & Namie 1993 . Variations in current suggest that in summer, when the gyre is at its strongest, residence time exceeds recirculation time, while in winter residence time tends to be about half and recirculation time about double the summer values (Loder et al. 1988) . It is thought that this gyre helps to retain larvae of fish on the bank (Bumpus 1976) . The currents around Georges Bank are strongly influenced by tides, causing peak cross-bank displacements (at a depth of 19 m) of 5 km in 12 h, with a net residual displacement of 1.7 km d-l. Adult beds of scallops are located in a ring that circumscribes the bank in the vicinity of frontal zones between vertically well-mixed and weakly stratified waters (Tremblay 1991) , and 80% of the adult scallop population is on the northeast edge and northeast peak of Georges Bank. The remarkably similar distribution of veligers of very different size classes (and thus presun~ably of different ages, since there is no evidence of food limitation; Tremblay 1991) suggests that veligers are retained above this dense area despite a persistent gyre, and contrary to predictions of complicated models of passive drift on Georges Bank (Tremblay et al. 1994) . Peak densities of veligers on Georges Bank are 500 to 2000 m-3 (Tremblay 1991) . Although autumn spawning had previously been assumed to be the sole spawning period for this population, a recent study reveals that in some years there is a more protracted and temporally erratic spawn in the spring in addition to the synchronized autumn spawn (Dibacco et al. 1995) .
Passamaquoddy Bay (Fig. 1 ) is a macrotidal (8.3 m maximum) estuary in the Bay of Fundy (Canada) with a flushing time of 15 d (Trites & Garrett 1983) . Adult beds are near the mouth of this long, narrow bay, whereas veligers are most abundant in the northeast bay, with maximum densities of 10000 veligers m-2. This part of the bay tends to be weakly stratified at about 8 m depth (Robinson et al. 1992 ). It appears that veligers are transported by net flow in the surface waters up into the northeast bay of the estuary, and as yet, no explanation of how they return to the parental beds has been published. However, the juvenile scallops in this population are more active and willing to swim than those of other populations (J. L. Manuel pers. obs.), and for that reason have been used for studies of the hydrodynamics of swim:ming (Manuel & Dadswell 1990 .
Mahone Bay (Nova Scotia, Canada; Fig. 1 ) is a relatively open, but silled, estuary with a small tidal range (2 m), strong stratification, and high temperatures and productivity during the summer and autumn when scallop veligers are present in the greatest numbers after the primary spawn. In some years, there is a n additional spring spawning (Dadswell & Parsons 1992) . The bay is subject to complete flushing by storm winds from the south, which may significantly affect larval recruitment (Dadswell 1993) . Although undocumented, the bay contains a weak counter-clockwise circulation pattern (M. Dadswell pers. comm.) similar to that seen in adjoining St. Margaret's Bay (Din et al. 1970) . In. the past, the Mahone Bay population supported a strong commercial fishery, which subsequently collapsed, presumably due to overfishing. Presently and historically, the densest aggregations of adult beds are on the western side of the bay, near Second Peninsula.
METHODS AND MATERIALS
Tower tank and mesocosms. Traditionally, mesocosm studies have been hampered by a reluctance to remove too many animals (which leads to low numbers and a loss of statistical robustness), a suspicion that zooplankton avoid capture because of the shear created by pump sampling, a lack of replication and control in experiments, and contamination by other species (Balch et al. 1978) . To deal with control and replication in experiments, we created narrow, deep (0.6 X 9.5 m) mesocosms of 6 m11 polyethylene tubing, suspended at the surface with styrofoam flotation, collars (Fig 2) . Each rnesocosm was filled with about 2.54 m' of 1 pm filtered sea water. Because survival and growth have bccn shown to be excellent in such containers in previous experiments , there was no need to change water in the mesocosms during the experiment. Thus we were able to avoid the stress and interference with behavior that must accompany passing veligers over a screen. Three replicate mesocosrns were used for each treatment. In the maln tower tank, which essentially functioned as a water bath, we established a slight thermocline (1.5"C) by circulat~ng chilled sea water through a titanium ring around the outer edge of the tank at a depth of 4.5 m, and hot water through a PVC ring located 0.5 m above that (Fig. 2) . A 12/12 photoperiod was established with an overhead array of three 1000 W, phosphor-coated, metal-halide lamps. Transitions between light and dark were timed to last about 1/2 h by dephasing overhead light banks and the slow warm-up time for these lights. To simplify sampling logistics, lights turned on at 04:OO h and off at 16:OO h.
Spawning and larval treatment. To reduce different~a l maternal effects, adult scallops from the 3 populations were maintained at an aquaculture site located at Mahone Bay for a minimum of 1 yr prior to spawning Ripe scallops were retrieved from the site and induced to spawn on the same day (in 0.2 pm filtered sea water) by thermal stimulation and agitation of the water with a submersible pump. As many scallops as was practical [6 males and 7 females from Passamaquoddy Bay (PAS); 7 males and 7 females from Georges Bank (GEO); 6 males and 6 females from Mahone Bay (MB)] were used a s parents to best represent populations a n d reduce individual effects. The eggs from all females in a given population were mixed together and fertilized with the m~x e d spawn of all of the males from that population. Sperm was added until several sperm could be seen around each egg when a sample was examined under a light microscope. Five and one-half hours after fertilization, the embryos were distributed to the surface of three 9 m deep mesocosms (1 per population) at a density of about 5.0 X 107 embryos per mesocosm. Embryos were held without feeding for 4 d (until the majority were in D-stage), after which time they were concentrated by passing over a 63 pm screen and redistributed among the various treatments at the concentration of 1 veliger per 5 m1 (5 4 X 105 veligers per mesocosm) Three replicate ~nesocosms were used for each population, and the mesocosms were distributed randomly around the outside ring of the tower tank. Enough cultured phytoplankton (Isochrysis galbana: clone TlSO) was added to each mesocosm to bring the concentration u p to 5.0 X 103 cells ml-'. A multisizer Coulter CounterB was used thereafter to monitor particle density and supplementary cultured phytoplankton was added to return to this density whenever it fell below half of that. Supplementary phytoplankton (3.0 X 10"ells ml-l) was added on 4 occasions: at 10, 14, 22, and 30 d of age. Phytoplankton was gravity fed into the mesocosms via a vinyl sprinkler hose which had been perforated at 2 cm intervals along its length and cut to the same length a s the depth of the mesocosms. Coulter counts indicated that this resulted in even distribution of food particles, ensuring that patches of food did not affect larval distribution. Non-invasive sampling. We observed veligers in situ with a submersible video camera similar to that used by Gallager et al. (1996) , although this camera did not utilize the crossed polarized lenses described by them. The vldeo camera, equipped with a close-up lens, was enclosed in a water-proof housing with a 25 W halogen light source (Manuel 1996) . Observation at night of dense aggregations of veligers indicated that they did not show any response within several hours to a light source of this size. Field of view was about 3 X 2.8 X 6 cm. A monitor and a VCR a t the surface recorded video images for later analysis with an OPTIMAS@ image processing program. The camera was used for near instantaneous vertical profiles of veliger density.
A remote controlled XYZ positioner placed the camera over a chosen mesocosm and then lowered ~t at a steady rate from the top to the bottom of the mesocosm. Vertical profiles of mesocosms were accomplished in less than 1.5 min for each mesocosm, and a complete set of 22 profiles usually took about 1 h to complete (additional mesocosms were dedicated to other experiments, to be published elsewhere). Vertical profiles were made near the middle of dark and light cycles when the veligers were 11, 19, 25, 32, 35 and 40 d of age, and in the middle of the light cycle at age 10. During a period of 3 d (ages 28 to 31 d) mesocosms were profiled every 2 h.
Invasive sampling. Samples of veligers were routinely removed during the day from each mesocosm for estimates of shell length. A length of hose was used to siphon samples from 3 depths: surface (0 m), just above the thermocline (4 m), and below the thermocline (7 m). The volume of water removed varied with larval density, but no more than 20 1 of water was removed for each sample (below the thermocline low numbers made veligers difficult to collect). Veligers were immediately preserved in 1 % formalin buffered with sodium borate, and length (longest measurement, approximately parallel to the umbo) was measured some weeks later using a compound microscope and a calibrated OPTIMAS@ image processing program.
Statistics. MANOVAs and ANOVAs were used to test for significant effects of population and age on the length of veligers. In all analyses, length measurements were log transformed because variance increased with mean veliger length. Length distributions were normally distributed within mesocosms, however there were significant differences between mesocosms. Therefore, length measurements were also nested within mesocosms.
Initially (at 11, 19, 25 and 40 d of age, and from 12:OO h at 28 d to 12:OO h at 29 d) data were gathered by counting the number of veligers on 250 evenly spaced fields from each profile (1 sample approximately every 3.4 cm). This provided non-overlapping coverage, with each sample recording the number of veiigers in a volume of 6 cm leny th X 3 cm width x 2 cm depth. Statistical analyses of the primary data were performed on the depth center of mass (ZCM) of veligers in each mesocosm:
where pi is the proportion of the total number of veligers observed in the ith video field, and z, is the mid-depth of the ith vldeo field. ZCM is mathematically equivalent to mean depth. Once we had analysed the initial data, we found that ZCM estimated from smaller data sets of 90 evenly spaced samples per profile produced the same interpretation of the experiment as ZCM estimated from data sets of 250 samples from the same profiles. Since the smaller data sets of 90 samples were less time consuming to collect from the tapes (8 rnin vs 50 min per profile), data sets of 90 samples per profile were gathered from the remaining profiles (at 32 and 35 d of age, and between 14:OO h at 29 d and 04:OO h at 31 d). Where these secondary data sets were compared with the Initial data, the primary data were reduced to 90, by selecting from the 250 samples the 90 samples with depths closest to the depths of the smaller sets. This was necessary because on those samples that were heavily skewed towards the surface (primarily night profiles with a large proportion of veligers counted in the first field), the number of subsequent samples in a profile affected the ZCM. This method of reducing from 250 to 90 samples produced ZCMs that were statistically indistinguishable from independently collected data sets of 90 evenly spaced samples per profile. ANOVAs and MANOVAs were used to test for significant effects of population, age and time of day on the ZCM of veligers. Only ZCM was compared, since many night profiles were heavily skewed towards the surface and thus did not have normal distributions. Since variance was reduced at extreme (surface and bottom) ZCMs, but not in arcsine transformed ZCMs, ZCMs were arcsine transformed to avoid violating the assumption of uniformity of variance in all ANOVAs and MANOVAs (see Sokal & Rohlf 1981) . Post hoc comparisons were generated using the Tukey test.
RESULTS

Temperature
During the first 4 d of development of the embryos, the temperature in the top half of the tower tank was 15 to 16OC, and the temperature below the thermocline was 8 to g°C. From 4 to 8 d of age the temperature was somewhat variable, due primarily to the thermal effect of experiments in other mesocosms. However, the variability M-as spread equally through all treatments and no population was exposed to temperatures that differed substantially from another ( Fig 3A) . By Day 9, the temperature in the mesocosms was between 13.2 and 13.5"C above the thermocline and between 11.8 and 12.0°C below the thermocline. A thermal gradient of about 1.5"C occurred between 4 and 5 m depth. During the next 2 wk (until 28 d of age) the tank slowly increased in temperature by about 2"C, with the 1.5"C thermocline remaining in the 4 to 5 m depth range. An increase in flow in the chilling coil after 30 d of age brought the temperature back down to about 13.5 above and 12. tinguish between these 2 possibilities. Although
inter-mesocosm variations were significant, a s in
As soon as the fertilized embryos (about 5.5 h old) were added to the surface of the mesocosms, they began to sink slowly. Embryos distributed themselves at all depths, but were much denser in the top half of the mesocosm and particularly thick in the region just above the thermocline. TWO days after the addition of fertilized eggs, large numbers of swimming veligers were observed at the surface of the mesocosms of the MB and PAS veligers. Although later growth of veligers was similar in all populations (see below) development of GEO embryos through the non-feeding trochophore stage to the shelled, feeding veliger stage was somewhat slower than the other 2 populat i o n~, with veligers appearing in great numbers only on the fourth day.
Growth rates previous experiments (Gallager et al. 19961, there were no significant differences in sizes among the populations at any given date, or during the Growth rate was similar among the 3 populations, a t 4.8, 4.6 and 4.3 pm d-' for GEO, MB and PAS veligers repectively. Within each mesocosm, veligers at the surface were significantly smaller than those found at greater depths (Table 1) . There was usually a 5 to l 10 ,--, 10 -experiment as a whole (Fig. 4 , Table 2A changes in behavior in another population were T e m p e r a t u r e ("C)
T e m p e r a t u r e ('C) related to size rather than age . show that veligers from all 3 populations shared some common characteristics: (1) except for MB at 19 d , veligers were found in shallower depths at of age, again maintaining a thermocline of 1.5"C benight than during the day, (2) we saw strong bio-contween 4 and 5 m depth (Fig. 3B) .
vective cells at the surface in the hours after dark, (3) 0.14 NS 3 2 9 657 0.11 NS very few veligers were found below the thermocline, and (4) veligers were found in shallower depths at 19 than at 11 d (Flg. 5, Ta.ble 3). We considered whether the last result may have been affected by food density -veligers were fed 2 d before the profiles on Day 11, and particle levels were not low enough to require feeding for another 3 d . On the other hand, veligers were fed 5 d before the prof~les on Day 19, and food levels were low enough to require feeding the next day. However, a day profile on Day 10 was also shallower than on Day l l , arguing against this interpretation of the data. Whatever the other effects, population (Fig. 6) . After 31 d, veligers from both GEO and MB continued to migrate through the thermocline, but gradually more veligers were seen below the thermocline at night, and the differences between day and night distributions are reduced. By age 35 d the distribution of veligers in 4 of the mesocosms (2 MB and 2 GEO ) had become nearly random, with veligers located throughout the water column both day and night. By 40 d of age veligers no longer exhibited differences in their day and night distributions and no longer exhibited extreme aggregations and bio-convective cells at the surface at night. It is not known whether the veligers ceased to migrate, or simply lost the synchrony of their migrations. Even at this late date, PAS veligers have occurred and not been detected in the younger still tended to be found at shallower depths than the stages, since we profiled only in the middle of the light other 2 populations (Table 4) , although day/night difcycle at 11 and 19 d of age. However, comparing proferences had disappeared, and some veligers were files taken at the same time of day as on previous dates found below the thermocline (Fig. 7) . showed that the distribution had changed at the time of day when the earlier profiles were done. Specifically, veligers were found below the thermocline mid-day in GEO and MB mesocosms at ages 25, 28, 29 and 30 d, whereas few were found below the thermocline mid-day at ages 10, 11 and 19 d. Samples taken for size analysis indicated that this was approximately the size at which veligers were entering the 'umbo' stage of development. To better quantify the behavior, we recorded profiles every 2 h for 62 h starting at 28 d of age. During this time, veligers from different populations exhibited very different vertical distributions (Fig. 6 ). Taken as a whole, the differences among populations are extremely significant, with time of day and population together explaining about 90% of the variation in depth center of mass (Table 4) .
For descriptive purposes, we also performed ANOVAs on each of the profile sets individually, to show at what time of day the differences were most significant ( Table 5 ) . PAS veligers were always significantly shallower than the others with the exception of MB veligers at 00:OO h. GEO and MB veligers were not distinguishable during daylight hours (04:OO to 16:OO h), but after dark MB veligers tended to be located at shallower depths than GEO veligers, and remained near the surface until dawn. The light levels in the tower tank (Pearce et al. 1996 ) a r e much less than natural light conditions (ranging from 1800 to 7000 lux at the surface) and because the tank is solid and the light is not source collimated, light attenuation in the tower tank is greater than under natural conditions (Collins 1989). All veligers might have moved deeper in the water column if light levels were higher. Thus, the absolute ZCMs in our mesocosms are expected to be somewhat shallower than in the field if the strength of veliger response to light is correlated to light intensity. If, however, vellgers respond to changes in light intensities, as do many crustaceans (Forward 1988) , then ZCM under our conditions might more closely approximate natural conditions. Mesocosm conditions also lack the mixing effects of winds and tides, which might tend to disperse aggregations and/or carry the veligers deeper or shallower. ZCM of veligers was modified by the presence of a thermocline at 4.5 m, a depth that is a.ppropriate for PAS and MB but not for GEO veligers. Thus, the ZCMs that we observed are the result of veliger swimming without passive transport by external sources such as winds, large scale currents or tides. Thus differences in of large genetic differences at neutral genetic loci (Beaumont & Zouros 1991) . Tremblay (1991) suggested that differences in morphology, growth rate and spawning time of P. magellanicus indicate that selfrecruitment of major scallop beds is more prevalent than con~monly supposed. He proposed that vertical migration of veligers might tend to aid retention of veligers, and found evidence of die1 movement in veligers of P. magellanicus near Passamaquoddy Bay (Tremblay & Sinclair 1990b ) but none on Georges Bank (Tremblay & Sinclair 1990a) . In those studies, samples were collected using a relatively large pump, and thus probably inadequately sampled the top 0.5 m of the water column. Both our experiment and a previous experiment with a fourth population (Gallager et tidal mixing suggests that active movement tended to The intense aggregations near the surface and the aggregate them. On Georges Bank, Tremblay & Sindaily vertical migrations exhibited by veligers from all clair (1990a) detected changes in vertical distribution 3 populations of Placopecten magellanicus in this study are similar to previously reported behavior exhibited by veligers of P. magellanicus spawned from adults taken from a population in Newfoundland (Canada; Gallager et al. 1996) . Laboratory observations of scallop larvae also suggest 3 behavior similar to some of our observations. Pecten maximus larvae swim to the surface as trochophores, tend to be nearer the surface from 4 to 23 d of age, and after that nearer the bottom (Cragg 1980) . Culliney (1974) over time and between areas, although they could not relate those to diurnal migration. Given the low resolution of the sampling (every 10 m), and the considerable movement of water masses in the region, it is difficult to conclude that migration had not occurred (see Manuel 1996 for another interpretation of their results].
Veligers from all populations were located at shallower depths on Days 10 and 19 than they were on the Day 11. This result seems to contradict previously published observations on ontogenetic changes in distribution, which suggested that veligers were found at increased depth at increased size and/or age. It is possible that the level of food present affected vertical distribution, but the shallower depth of veligers in both the mid-day sample at age 10 (1 d after feeding) and Day 19 (5 d after feeding) combined with the deeper distribution on Day 11 (2 d after feeding) shows that either food was not causative, or the relation between food level and vertical distribution is not linear. Thus ontogenetic changes in depth distribution of veligers in this study were complex, and not a simple increase with age or size as reported for a previous study . The essential observation for this discussion is that vertical distributions under the same conditions differed among population~ on most occasions, suggesting that there has been selection for different vertical migration behavior in different populations.
Hypotheses that d o not explain the observed differences among populations
Vertical migration probably affects many aspects of bivalve veliger survival, but only horizontal transport and possibly predation avoidance are consistent with our observations. Other hypotheses commonly proposed to induce vertical migration in zooplankton are unlikely explanations for vertical migration of Placopecten rnagellanicus veligers in mesocosms. Neither
McLaren's (1963) nor Enright's (1977) model for energy savings from vertical migrations fits our observations. Gallayer et al. (1996) showed that veligers from Trinity Bay, Newfoundland were seldom found below the thermocline until they approached competency. The type of energy savings proposed by McLaren (1963) would only be obtained if the veligers consistently moved below the thermocline frequently, since dlgestion of gut contents in veligers this size is relatively rapid, perhaps as fast as 15 min. Another argument against this interpretation is that veligers' relatively high weight in water requires them to swim almost continuously, and satiation simply results in rejection of captured particles (Gallager 1988) , not a cessation of activity. Thus it is unlikely that bivalve veligers save any energy by not feeding. Since Enright's model (1977) is sensitive to energy savings from intermittent feeding, it cannot apply in this case.
Veligers in this experiment responded to our light/dark regime by migrating vertically. If this were only for the purpose of avoiding UV light, then we would expect, but did not see, similar migration patterns in all 3 populations. Turbidity differences that may be found in the field did not exist under our controlled conditions. Nor could differences among populations be attributed to differences in size (see Gallager et al. 1996) , since veligers from all of these populations grew at similar rates. Differences in ZCM among populations might also have resulted from differences in buoyancy or sinking rates (due, for example, to differences in lipid stores or shell weight), which were not measured in this study. However, the fact that the GEO and MB populations differed at only some times of day argues against that explanation.
The induction of vertical migration by differences in food density is also unlikely. Scallop veligers continued to vertically migrate in mesocosms despite a tendency to linger in attractive patches of phytoplankton (SilvaSerra & O'Dor 1994) and also when food particles were evenly distributed , this study). If veligers evolve behavior solely for the purpose of locating food, it makes little sense for them to vacate a profitable patch. Thus, both the idea that patches of veligers result from veligers concentrating where phytoplankton is more dense, and the suggestion that veligers use vertical migration to find better patches of food, are at best partial explanations for their vertical migration. More efficient location of food patches may be one consequence of vertical migration, and veligers do reduce the upward component of their swim paths to remain longer where food is more plentiful (Smyth 1989) , but there must be at least 1 other motivation driving vertical migration.
Once veligers are ready to settle they are found throughout the water column. Since veligers must, presumably, settle on or nedr the botlurn, this distribution pattern may signal that veligers no longer avoid the colder bottom layer of the water column by upward swimming in response to a change in temperature. Even though veligers were found throughout the water column in a previous experiment with a 10°C thermocline, they settled preferentially in the upper 1.ayers (Pearce et al. 1996) . In this experiment, with a much smaller thermocline, veligers showed no differences among the 3 populations: they ignored the thermocline at settlement with number of spat settled increasing slightly with depth (C. M. Pea.rce u.npubl. obs.). The ultimate cause of differences in vertical distribution among populations was not, therefore, different preferences for depth of settlement.
Subsequent experiments with veligers (using microsatellite DNA markers) in the tower tank have demonstrated that veligers from GEO and PAS have different vertical distributions in the same niesocosm , indicating real genetic differences. not mesocosm artifacts. King & Miracle (1995) reported that different clones of Daphnia longispina have different vertical distributions, evidence for a genetic component in vertical migration in that species. The intense aggregations seen at night, and indeed the migrations observed, are not just an effect of the mesocosms themselves since veligers of another bivalve species (Mytilus trossulus) exhibited very different behavior under the same experimental conditions, remaining within 1 m of the therniocline at all times (MacQuarrie 1995). Thus we not only see differences in the behaviors observed among different population~ of scallop veligers, but even more pronounced differences from behavior of veligers of other bivalve species under the same experimental conditions.
Predation avoidance as ultimate cause of vertical migration in bivalve veligers
Vertical migration for the purpose of predation avoidance can produce complex responses (see Clark & Levy 1988) . In recent years. there has been considerable support for predator avoidance as the ultimate cause of vertical migration in crustacean zooplankton (reviewed by Lampert 1993). Researchers have found a correlation between predator abundance and the strength of vertical migration (Bollens & Frost 198913, Bollens et al. 1992) , in marine copepod migration in response to free ranging, but not caged, fish (Bollens & Frost 1989a) , and in fresh water the responses of prey to changes in light intensity are greatly enhanced by just the chemical exudates of a predator (Ringelberg 1991) . However, if vertical migration were entirely determined by predation pressure, then one might expect to see individuals of similar size but different species behave in a similar manner, since presumably they would be subject to similar predation pressure. As with the different species of bivalve veligers, Osgood & Frost (1994) found very few similarities in the behavior of similar-sized individuals of 2 CO-occurring species of copepod (Calanus pacificus and Metridia lucens). They also found that vertical distributions and behaviors vary not only between species and among the different developmental stages of each species, but also between dates. This argues for at least 1 other factor in vertical migration besides predation avoidance. While this factor could be related to predation (one species is easily caught or more attractive to the predator), ~t could as well be argued that another ultimate cause is alter~ng vertical migration behavior However strong the evidence that preda.tion avoidance may be a n ultimate cause of vertical migration in crustacean zooplankton, there are several problems with this explanation for bivalve veligers. Firstly. bivalve veligers are probably unattractive prey, as they are able to close u p tightly enough to pass intact through the guts of both vertebrate and invertebrate predators, with only ctenophores posing a serious threat (Mileikovsky 1974 , Kane 1984 , Purcell et al. 1991 . Blaxter (1968) has shown that, once ingested, bivalve veligers may actually harm herring larvae (which are present in the same time and place as Placopecten magellanicus veligers) by slowing the passage of material through the gut. Veligers may or may not live after this, but predators have little reason to focus on such unfulfilling food. Secondly, any hypothesis must explain not only the migrations, but the fact that individual zooplankton make those migrations in synchrony with other individuals. Without synchrony distributions alone cannot detect vertical migrations (Pearre 1979) . Light intensity should not be the proximal cause of the synchrony of normal (up at night, down during the day) diurnal migration of a prey of a non-visual predator such a s ctenophores, unless the predator itself exhibits either reversed migration or diurnal variations in feeding intensity. Finally, the size of bivalve veligers (c300 pm) also means that their visual predators (e.g. larval fish) are extremely vulnerable prey themselves. Many of the younger stages of crustacean zooplankton, which are larger than the oldest bivalve veligers, do not migrate vertically, and zooplankton subject to predation by small visual predators can be induced to perform reversed (up in the day, down during night), rather than normal vertical migrations (Lampert 1993) . Dinoflagellates are a more reasonable model for bivalve veligers, since they also make vertical migrations, are often unpalatable because they contain various noxious substances (which might be compared to the indigestibility of bivalve veligers) and are closer in size to scallop veligers than most planktonic crustaceans. Thus, the role of predation as a n ultimate cause of vertical migrations in bivalve veligers is more likely to follow the dinoflagellate than the crustacean model. The most commonly suggested reasons for vertical migrations in dinoflagellates a r e access to nutnents below stratified layers (which results in reversed vertical migration) and horizontal transport to aid in retention (Anderson & Stolzenbach 1985) .
Even though bivalve veligers are seldom (if ever) recorded as the principle prey of any one species, they are occasionally prey of many larval fish in the appro-priate size range. It is therefore difficult to eliminate predation avoidance in explaining the dawn and dusk responses of Placopecten magellanicus veligers. However, it is not necessary to invoke predation avoidance to explaln migrations at dawn and dusk, since such migrations can assist horizontal transport (Hill 1994 , Manuel 1996 . In this experiment, the vertical migration differences that we see among populations, particularly those involving the timing of migrations, seem to result from migrations that occur at times of the day other than at dawn and dusk. If predation avoidance is a n ultimate cause of vert~cal migration in our experiment, then it is more likely to explain the similarities (i.e. the dawn and dusk responses) than the differences among these populations.
Could horizontal transport be one of Ule ultimate causes of vertical migration in bivalve veligers?
If intense aggregations of veligers such as observed near the surface in this and a previous ) experiment occur in nature, then surface events such as wind patterns could potentially have great effect on the horizontal transport of veligers. Two of the populations studied here (PAS and MB) occupy coastal bays, and as such must be subject to local wind events. Since coastal winds usually blow in during the day and out at night, an organism using such surface winds to limit dispersal away from a bay or inlet might be expected to exhibit reverse migration. That neither MB or PAS veligers exhibited such behavior eliminates this as an explanation for the dawn and dusk response of veligers. Hill (1994) has shown that die1 vertical migration can result in horizontal transport by the tides induced by the sun (S2 currents) in the open ocean. The direction and speed of transport depend on the local phase (time of the tide relative to local midnight) of the S2 currents relative to the time of sunrise and sunset, and such transport may affect the location and species composition of zooplankton aggregations on a large scale. Die1 vertical migration also causes transport by rrioon t~d e (M2) currents, but the direction and speed of transport changes daily, and over a period of 14.8 d, the net result is almost nil because transport in one half of the period cancels the transport in the other half of the cycle (Hill 1991) . However, if, for example, a zooplankter were to alternate 7.4 d periods of vertical migration with 7.4 d periods without vertical migration, net transport would result. In the case of Placopecten magellanicus veligers, differences among these populations are most pronounced at times other than at dawn and dusk, and the M2 currents in all of these populations is much larger than the S, currents. If veligers are using vertical migration for horizontal transport, a promising place to look, therefore, is in migrations that occur other than at dawn and dusk.
After about 21 d, MB and GEO veligers begin to make excursions (lasting sometimes only a few hours and always during the day) below the thermocline. Thermoclines often are associated with changes in current velocity and/or direction. Vertical migration in the region of the thermocline can produced horizontal transport if the migration occurs with the same period (or any multiple thereof) as the tide (Hill 1991) . If MB and PAS veligers are using tidal (M,) currents for transport, the differences between MB and GEO veligers in the timing of descent from the surface at night suggests slightly different strategies. Perhaps the 2 populations are using, or 'expect', a slightly different tidal phase. Both GEO and MB veligers must contend with net transport on a large gyre: in the case of MB the gyre is open on the southwestern side, in the case of GEO circulation around the gyre takes longer than the length of larval life. PAS veligers did not exhibit this behavior at all. Either PAS veligers are using a different strategy, and/or their migration response is tnggered by a stimulus different than GEO and MB (for further discussion see Manuel 1996) . Note that the largest adult beds are located at the mouth rather than further Inside Passamaquoddy Bay (Fig. 1) . The tidal ellipse in this region indicates extremely strong movement perpendicular to the mouth of the estuary (eastwest), and very small currents parallel to the estuary (north-south). Tidal transport in the macro tides of the Bay of Fundy (among the largest in the world) could easily move veligers up into the Bay of Fundy rather than into the Passamaquoddy estuary. Thus behavior used by other populations for retention in large gyres may have been selected out of the PAS population.
There may be several selective pressures driving vertical migration, and the most successful strategy must inevitably involve trade-offs among them. In our experience, the diurnal response of veligers (swimming up at dusk and down at dawn) has been relatively consistent, but is markedly reduced in PAS veliyers. Although this behavior may assist in predation avoidance, this does not negate the possibility that veligers are gaining horizontal transport from vertical migration. Predation has been known to result in a lunar periodicity in zooplankton abundance (Gliwicz 19861 , and selection for behaviors to avoid the 'moontrap' might reasonably be expected to result in the evolution of an internal clock with a lunar period. Such an internal clock could be easily adapted to control vertical migration to take advantage of tidal currents for horizontal transport (Manuel 1996) .
The final test of the retention hypothes~s requires a model which links observed behaviors to real hydro-graphic movements, which are primarily tidal. In our experiments, veliger movements other than simple diurnal migration do occur, at times obliterating the diurnal effect entirely (e.g. Fig. 6, MB 19 d) , and the timing of these other movements relative to the diurnal migration varies considerably. In order to determine whether such migrations have a tidal periodicity, it is necessary to conduct experiments that have a resolution fine enough to reveal movements at least 6 times a day ( 2 diurnal migrations and 4 tidal migrations) and over a time span that covers at least 14.8 d (the period of the interaction between lunar and sun tides). If some movements occur at a tidal period, then considerable horizontal transport might result. To determine the ultimate causes of vertical migration in Placopecten magellanicus veligers, additional experiments have been conducted to examine theoretically the transport consequences of migrating at both diurnal and tidal periods (see Manuel 1996) .
If veliger vertical migration behavior were invariant among population or species, then the location of adults would be a consequence of physical oceanography. Populations would exist only where the interaction of veliger behavior and physical oceanography placed veligers at the right place (over adult beds) at the right time (when the veligers were competent). Permanent beds of vagrant (sensu Sinclair 1988) adults might appear where veligers were consistently 'lost' from another population, but these beds would be dependent on the self-recruiting population for renewal, and would disappear if the self-recruiting population 'upstream' was removed. But since veliger behavior does vary among populations and species, habitats that would otherwise be unavailable are opened up.
If veliger vertical migration behavior commonly varles among populations (remembering that for this experiment we deliberately chose the most varied habitats we could find), this has consequences for both aquaculture and management of wild stocks. Veliger behaviors selected for in the wild because they aid in retention might reduce survival of veligers in the relatively crowded conditions and shallow contalners used in hatcheries. It is possible that hardy species under hatchery protocols are those that by chance exhibit behaviors that (at the least) don't harm their survival in small tanks. Hatchery success might be improved by judicious selection of the original population. Adult survival would not predict recruitment success, and veliger behavior should be considered when introducing new animals to a region. Enhancement programs might improve success by using either native stock or a population from a n area with physical oceanography similar to that of the target area. Defining 'similar physical oceanography', of course, requires that we understand how retention is achieved by veligers under different conditions. I t might even be possible, by selective breeding or by transporting collected juveniles back to adult beds, to place new populations of valuable invertebrates (such as scallops) where none previously existed. The seriousness of the consequences of moving animals, and the success of efforts to use vertical migration behavior constructively, depend on 3 presently unknown factors: the magnitude of the losses incurred by inappropriate behavior, the amount of variation among populations (or species) and the heritability of the behaviors within the population. If heritability is high and losses are low enough so that some veligers manage to make their way back to adult beds, recruitment might be low for a few years, but eventually a successful strategy will evolve. If the opposite is true, then introduced stocks might not only be unsuccessful themselves, but also interfere with native stocks by cross-breeding.
The precise suite of behaviors required for recruiting veligers back to parental beds may b e more complex than those outlined here and may involve other stimuli. The most critical observation here is that there is variation in vertical migration behavior among populat i o n~. By examining such behavior further, it may be possible to determine whether such differences are ultimately d u e to the horizontal transport consequences of vertical migration behavior. Future attempts to relate the vertical migrations and distributions of zooplankton to ecological boundaries such as chlorophyll maxima or thermoclines must consider that there may exist differences among populatlons (and certainly betureen species) that relate, not to the degree of physical mixing, local ecology or amount of food available, but rather to the retention strategy of the population involved. If the retention strategy involves moon tide transport, behavior will alter in sequential weeks, and sampling regimes must consider this.
